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Interstitial inflammation, sodium retention, and the pathogene- subsequently applied to nephrotic patients with severe
sis of nephrotic edema: A unifying hypothesis. hypoproteinemia [3]. In contrast, patients with acute glo-
Background. The pathophysiology of edema in the ne- merulonephritis and normal serum proteins were as-phrotic syndrome is controversial. Some investigators believe
sumed to have edema due to an inability of the kidneythat sodium retention may result from a primary renal defect
to excrete salt and water. This classification of “nephrotic”that causes an “overfilled” blood volume. In contrast, other
authors believe that fluid escapes the vascular compartment and “nephritic” edema recognized that there was reduced
due a low oncotic pressure, and sodium retention is a compen- urinary sodium in both conditions, but in the former it
satory physiological response to an “underfilled” blood volume.
was a physiological response to a contracted intravascu-The patients that best fit the “underfilled” hypothesis are chil-
lar space and in the latter it was due to a primary renaldren with minimal-change nephrotic syndrome (MCNS).
Methods. We analyzed critically the available evidence for defect in sodium excretion. This interpretation of the
and against each proposed pathogenic mechanism in the light pathogenesis of renal edema was unchallenged during
of recent evidence indicating that the inflammatory infiltrate the first half of the twentieth century and, in fact, sub-may play a role in primary renal sodium retention.
sequent investigations have confirmed the theoreticalResults. Inflammatory infiltrate in the kidney is a constant
predictions in the acute nephritic syndrome since bloodcharacteristic in nephrotic syndrome associated with primary
sodium retention and it is absent in most cases of MCNS in volume measurements (reviewed in [4]) and levels of
children volume-sensitive hormones [5, 6] uniformly indicate
Conclusions. We propose that primary sodium retention in
plasma volume expansion in the latter condition.the nephrotic syndrome depends on the existence and the inten-
Yet, in the nephrotic syndrome, the pathogenesis ofsity of renal inflammatory infiltrate, conspicuously absent in
most cases of MCNS in children and present in other conditions edema is still a matter of controversy, as several studies
associated with massive proteinuria. The tubulointerstitial in- have given results that are inconsistent with the postulate
flammatory infiltrate is associated with increased vasoconstric- that hypoalbuminemic patients have a contracted (‘under-tive mediators that result in increased tubular sodium reabsorp-
filled’) intravascular space (reviewed in [7]). Althoughtion and with glomerular hemodynamic changes that reduce
the interpretation of these investigations has been chal-filtered sodium load.
lenged [8], the fact remains that only some patients,
especially children with minimal-change nephrotic syn-
The association of severe malnutrition with edema drome (MCNS), have evidence for a contracted intravas-
was recognized several centuries ago, when the terms cular space, as evidenced by decreased blood volume
“war dropsy,” “prison dropsy,” and “hunger swelling” [9–11], stimulated renin-angiotensin-aldosterone secre-
were used to describe this condition [1]. The postulate tion [12–14], and a natriuretic response to plasma ex-
that a low plasma colloid osmotic pressure (PCOP) was pansion [15–17] and head-out water immersion [18]. In
responsible for the escape of water from the intravascu- contrast, most patients with nephrotic syndrome have
lar space to the interstitium in these patients [2] was evidence for a renal defect in sodium excretion and thus
have evidence of an expanded (“overfilled”) plasma vol-
ume [7]. Indeed, a reduction in urinary sodium excretionKey words: nephrotic syndrome, hypoalbuminemia, glomerulonephri-
tis, renin-angiotensin, interstitial cells. can be shown to occur in the incipient stage of adults
with relapsing MCNS [19] and in experimental nephrotic
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involved in the sodium retention in nephrotic syndrome. and sodium retention without changes in plasma protein
concentration. The infusion of saralasin normalized theSpecifically, we review evidence that both glomerular
and tubular factors are important, and that a key mecha- GFR of the PAN-perfused kidney but did not increase
urinary sodium excretion [20]. Therefore, these experi-nism involves tubulointerstitial inflammation. We pro-
pose that the absence or presence of interstitial in- ments not only demonstrate the importance of intrarenal
mechanisms in sodium retention, but in addition, indi-flammation may be responsible for whether nephrotic
edema is associated with an “underfilled” or “overfilled” cate that post-glomerular factors largely contribute to
the salt retention. Furthermore, since proximal tubularplasma volume.
reabsorption was reduced in this model [20], a distal tubu-
lar defect was assumed to be responsible. Distal tubular
ROLE OF GLOMERULAR FACTORS IN THE defect(s) in the human are also postulated by other inves-
DECREASED SODIUM EXCRETION IN tigators that report a tubular resistance to the natriuretic
NEPHROTIC SYNDROME actions of atrial natriuretic peptide [32–34].
There is evidence that glomerular factors are responsi- Recent studies by our group may provide insights into
ble for some of the sodium retention in nephrotic syn- a potential mechanism to explain the tubular defect in
drome. First, a fall in PCOP has been found to result in a sodium handling in nephrotic syndrome. We found that
reduction in the glomerular coefficient, Kf, and this infiltration of immune (T cells and monocyte/macro-
would limit sodium filtration [21]. A decrease in Kf has phages) cells into the interstitium in various animal mod-
been confirmed in various animal models of nephrotic els of renal disease can result in the development of salt
syndrome [20–23]. The mechanism is unclear, but may sensitivity [29, 35–37]. The effect was observed despite
relate to increases in net ultrafiltration pressure that per- minimal changes in overall GFR. The mechanism was
turb the podocyte [24]. Experimental nephrotic syn- shown to be associated with a shift in the local production
drome can be shown to result in alterations in podocyte of vasoactive mediators that favor sodium retention as
cytoskeletal proteins that could alter podocyte shape a result of the complex interrelation between immune
and morphology [25]. The increase in ultrafiltration with cells, vasoconstrictive mediators, and oxidative stress
transudation of proteins may also be responsible for [38]. Hence, there was endogenous production of vaso-
stimulation of extracellular matrix and the development constrictive substances such as angiotensin-converting
of glomerulosclerosis [26]. A second mechanism that enzyme (ACE) by tubular cells [39] and angiotensin II by
may contribute to decreased sodium filtration is a reduc- infiltrating cells [35–37], as well as a loss of vasodilatory
tion in the glomerular filtration rate (GFR), which is factors such as kallikrein [40] and nitric oxide synthases
common in severe nephrotic syndrome [7, 27, 28]. [41]. Local oxidant generation, in part by the infiltrating
cells, could also be shown [35–37]. The oxidants mightRecently our group reported that interstitial inflam-
further lead to sodium sensitivity as a consequence ofmation may affect glomerular hemodynamics by leading
their ability to inactivate local nitric oxide [42, 43]. Evi-to local generation of vasoconstrictive substances (such
dence for a key role for the interstitial inflammatoryas angiotensin II) that can feed back to reduce Kf and
response in the sodium sensitivity was provided by treat-single-nephron GFR, perhaps by stimulating mesangial
ment with the immunosuppressive agent, mycophenolatecell contraction [29]. Longstanding interstitial inflamma-
mofetil (MMF). In these animals the infiltration of im-tion, by stimulating tubulointerstitial fibrosis, may also
mune cells into the interstitium was blocked, and so waslead to a more permanent decrease in GFR by causing
the sodium sensitivity [35–37]. As recently reviewed [44],nephron dropout or by leading to “atubular glomeruli”
the infiltration of inflammatory cells and the generation[30]. Thus, glomerular-interstitial cross talk is also likely
of vasoconstrictive substances causes sodium retentionto be involved in the pathogenesis of nephrotic edema.
by combined effects on glomerular hemodynamics [29],
which tend to reduced sodium filtration and tubular so-
TUBULAR FACTORS IN NEPHROTIC dium reabsorption mechanisms, which are stimulated.
EDEMA: A POTENTIAL ROLE FOR The effects of tubulointerstitial inflammatory cells on
TUBULOINTERSTITIAL INFLAMMATION glomerular function have been observed before in exper-
There is also strong evidence that tubular factors are imental models of obstructive nephropathy and PAN
involved in nephrotic edema. The most compelling evi- nephrosis in which the GFR increases when the macro-
dence comes from studies by Chandra, Hoyer, and Lewy phage infiltration is reduced with l-arginine administra-
[31] and Ichikawa et al [20] in rats with unilateral puro- tion [45].
mycin aminonucleoside (PAN) nephrosis. These studies Similar mechanisms are likely involved in the ne-
demonstrated that PAN infusion in one renal artery phrotic syndrome. There is strong evidence that protein-
(with simultaneous drainage of the vein to avoid systemic uria will activate tubular cells to express chemotactic
factors, including osteopontin and monocyte chemoat-spillage of the drug) resulted in ipsilateral proteinuria
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Fig. 1. Biopsy of a patient with minimal-change nephrotic syndrome (MCNS). (A) Normal glomerulus and tubulointerstitial areas and negative
staining for angiotensin II (insert: peroxidase-labeled antihuman angiotensin II). (B) Biopsy of a patient with nephrotic syndrome due to mesangiocap-
illary glomerulonephritis with evident tubulointerstitial infiltrate and cells expressing antiotensin II (insert: arrows indicate some of the angiotensin
II-positive cells).
tractant protein-1 (MCP-1) [46–48]. In the nephrotic syn- In contrast, most types of nephrotic syndrome, espe-
cially in adults, are associated with an “overfilled” mech-drome induced by injections of bovine serum albumin
anism. These patients are frequently hypertensive and(BSA), the infiltration of inflammatory cells in the inter-
often have a pronounced tubulointerstitial inflammatorystitium correlates directly with proteinuria [49]. We have
response (Fig. 1B). It is of interest that adults with mini-recently found that many of these leukocytes in the pro-
mal-change disease have sometimes been shown to havetein overload model express angiotensin II and oxidants
plasma volume expansion and occasionally are hyperten-and that this determines salt sensitivity in these animals
sive or have a reduced GFR [9], and they also more[50]. Nephrotic syndrome is also associated with the gen-
commonly have tubulointerstitial fibrosis and inflamma-eration of intrarenal vasoconstrictive substances such as
tion. In adults with MCNS, the number of obsolete glo-angiotensin II [51] and with activation of the intrarenal
meruli, inflammatory infiltrate, tubular atrophy, fibrosis,sympathetic nervous system [52, 53]. Elegant investiga-
and arteriolar thickening are seen more often than intions by Valentin et al [34] have also shown an intrinsic
childhood MCNS [58].sodium transport abnormality depending on enhanced
urinary cyclic guanosine monophosphate (cGMP)-phos-
phodiesterase activity. All these various factors may OVERVIEW ON THE MECHANISM OF EDEMA
clearly contribute to the reduced sodium excretion in FORMATION IN NEPHROTIC SYNDROME
nephrotic syndrome. In summary, we propose that the interstitial inflam-
The concept that the degree of interstitial inflamma- mation of the kidney has a key role in the pathogenesis of
tion may be largely responsible for the renal defect in nephrotic edema by inducing primary sodium retention
sodium excretion may also account for the discrepancy (Fig. 2). The generation of vasoconstrictive substances
in clinical studies. Thus, MCNS in childhood is much in the interstitium, driven by the inflammatory cell infil-
more commonly associated with an “underfilled” mecha- trate, may influence sodium handling at both the glomer-
nism for nephrotic edema, and these children are rarely, ular and tubular level, resulting in both decreased sodium
if ever, hypertensive and occasionally present with pos- filtration and increased net sodium reabsorption. It should
tural hypotension [54]. In agreement with our hypothesis, be recognized that tubulointerstitial mononuclear cell
MCNS in children is a disease in which tubulointerstitial infiltration is not always associated with sodium reten-
injury and inflammation is very uncommon [55, 56] tion. For example, natriuresis follows the release of uri-
(Fig. 1A). This is despite the fact that tubular cells have nary obstruction, an effect that may be mediated by the
been shown to be activated [expressing nuclear factor- effect of interleukin-1 (IL-1) in a collecting duct [59]. IL-1
kappa B (NF-B) in this condition] [56]. Whether the is a well-known macrophage product; therefore, the net
absence of an inflammatory response to proteinuria effect of the inflammatory infiltrate in urinary sodium
could be part of an underlying defect in immune response excretion would depend on the secretory phenotype of
the infiltrating cells.in MCNS [57] is beyond the scope of this discussion.
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Fig. 2. Overview of pathophysiology of edema
formation in nephrotic syndrome. Massive
proteinuria induces tubulointerstitial inflam-
matory infiltrate with stimulation of vasocon-
strictive mediators (angiotensin II) and inhibi-
tion of vasodilatory substances (e.g., nitric ox-
ide). In the glomeruli, proteinuria causes a
reduction in glomerular ultrafiltration coeffi-
cient (Kf) and single nephron glomerular fil-
tration rate (SNGFR). As a consequence, there
is a net increase in tubular reabsorption and
a reduction in filtered sodium load that result
in primary sodium retention and a tendency to
“overfilled” intravascular volume and increased
capillary hydrostatic pressure (PC). The de-
crease in plasma oncotic pressure (PCOP) favors
fluid movement outwards from the vascular
compartment and thereby buffers the changes
in blood volume induced by primary sodium
retention. If hypoalbuminemia is severe and
renal inflammatory infiltrate is minimal or ab-
sent, as in most children with minimal-change
nephrotic syndrome (MCNS), the reduction
in PCOP may cause “underfilled” intravascular
volume and secondary (compensatory) so-
dium retention. Nephrotic edema results when
edema-removal mechanisms are overwhelmed
by increased PC and decreased PCOP.
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